We have screened a collection of EMS mutagenized fly lines in order to identify genes involved in cardiogenesis. In the present work, we have studied a group of alleles exhibiting a hypertrophic heart. Our analysis revealed that the ADAM protein (A Disintegrin And Metalloprotease) Kuzbanian, which is the functional homologue of the vertebrate ADAM10, is crucial for proper heart formation. ADAMs are a family of transmembrane proteins that play a critical role during the proteolytic conversion (shedding) of membrane bound proteins to soluble forms. Enzymes harboring a sheddase function recently became candidates for causing several congenital diseases, like distinct forms of the Alzheimer disease. ADAMs play also a pivotal role during heart formation and vascularisation in vertebrates, therefore mutations in ADAM genes potentially could cause congenital heart defects in humans. In Drosophila, the zygotic loss of an active form of the Kuzbanian protein results in a dramatic excess of cardiomyocytes, accompanied by a loss of pericardial cells. Our data presented herein suggest that Kuzbanian acts during lateral inhibition within the cardiac primordium. Furthermore we discuss a second function of Kuzbanian in heart cell morphogenesis. q
Introduction
Heart development in vertebrates and flies share astonishing similarities, for instance during the early steps of heart primordium induction and during the first steps of heart cell differentiation (Bodmer and Venkatesh, 1998; Bodmer and Frasch, 1999; Cripps and Olson, 2002; Zaffran and Frasch, 2002; Brand, 2003) . In both systems, Nkx and GATA factors are present in a subset of mesodermal cells that become competent to receive external signals from the overlaying ectoderm in flies, or from the underlying endoderm in vertebrates. Decapentaplegic (Dpp)/BMP and Wingless (Wg)/Wnt signalling is essential to promote differentiation of tinman expressing cells into cardiac primordium. Nkx and GATA factors as well as the signal molecules Dpp and Wg are required for the specification of both subtypes of heart cells in the fly, the myogenic contractile cardiomyocytes and the noncontractile pericardial cells. Mutations in the tinman gene, or an interruption of Dpp or Wg signalling, result in the complete absence of heart structures in the fly (Azpiazu and Frasch, 1993; Bodmer, 1993; Frasch, 1995; Wu et al., 1995; Yin and Frasch, 1998; Lockwood and Bodmer, 2002) . The activity of Tinman within the cardiac primordium, combined with the activity of the Drosophila GATA factor Pannier, promotes further specification of cardioblasts (Azpiazu and Frasch, 1993; Bodmer, 1993; Xu et al., 1998; Gajewski et al., 1999 Gajewski et al., , 2001 Alvarez et al., 2003; Klinedinst and Bodmer, 2003; Reim et al., 2003; Sorrentino et al., 2005) . Specification of different subtypes of cardiac progenitors is accompanied by the combinatorial expression of particular transcription factors, including the homeobox factor Ladybird and the COUP nuclear hormone receptor Seven-up (Jagla et al., 1997 (Jagla et al., , 2002 Lo and Frasch, 2001; Han et al., 2002; Ryan et al., 2005) . Likely, these factors are required for the appropriate specification of individual heart progenitors and their proper differentiation, e.g. into ostia (Lo and Frasch, 2001; Molina and Cripps, 2001 ). Studies of Hartenstein, Bodmer and others have shown that the differentiation of heart cells within the dorsal mesoderm also depends on Notch-Delta signalling. Early elimination of Notch activity using a temperature-sensitive allele causes hypertrophy of cardiac cells, due to a failure of lateral inhibition within the dorsal mesoderm (Hartenstein et al., 1992; Mandal et al., 2004) . Notch has at least a second function during asymmetric cell division in the heart cell lineage and thus a biphasic requirement during heart development. The heart progenitors forming the ostia arise from asymmetric cell divisions, dependent on Notch function, as well as on the function of other components of the asymmetric cell division machinery including Sanpodo, Numb and Inscuteable (Ward and Skeath, 2000; Alvarez et al., 2003; Han and Bodmer, 2003; Popichenko and Paululat, 2004) .
In a search for novel genes involved in heart differentiation, we screened a collection of EMS-induced lethal mutations (Hummel et al., 1999a,b) . We identified several mutant lines displaying strong malformations of the embryonic heart, which we grouped into different phenotypic classes (Fig. 1) . The molecular characterization of these mutants will be described elsewhere. Among the mutants displaying heart defects, we identified five alleles of the metalloprotease-disintegrin Kuzbanian and three alleles of the Notch downstream effector Mastermind, all of them displaying a hyperplasic heart. Embryos, stained for b3Tubulin, Mef2 and other markers, revealed an approximately twofold excess of cardioblasts concomitant by a loss of pericardial and lymph gland cells. The excess of cardioblasts in kuzbanian affects all subtypes of cardioblasts, e.g. the tinman and the seven-up expressing cells. According to this observation, we assume a functional role for Kuzbanian during Notch dependent lateral inhibition within the early cardiac mesoderm, likely in conjunction with a later function during asymmetric cell division in the heart cell lineage. In kuzbanian mutants, we furthermore observed a misarrangement of heart cells and the failure of cardioblasts to adopt their final cell morphology, while specification and initial differentiation of heart cells still occurs, indicated by the expression of genes that label specific cell types in the heart, and the attempts of cardioblasts to form lumen-like structures.
Metalloprotease-disintegrins (ADAMs) are membraneanchored proteases, which have a critical function for proteolytic release of soluble forms of membrane bound target proteins (shedding). Recently, it has been shown that distinct members of the vertebrate ADAM family are crucial for cardiogenesis and vascularisation (Dibbs et al., 2003; Jackson et al., 2003; Shi et al., 2003; Zhou et al., 2004; Horiuchi et al., 2005) , therefore mutations in ADAM genes potentially could cause congenital heart defects in humans. Drosophila has five known ADAMs. DmTace is the homologue of the human TNFa converting enzyme Hs-TACE (TACE; tumor necrosis factoralpha converting enzyme), Dm-Mmd and Dm-Meltrin are closely related to the human Meltrin-alpha gene. Kuzbanian (kuz) and Kuzbanian-like (kul) reveal strong similarities to human ADAM10 (Sapir et al., 2004) . So far, for none of them a function for embryonic heart formation was described. Herein, we show that the metalloprotease Kuzbanian is crucial for proper cardiogenesis in Drosophila.
Results

A screen for genes required in cardiogenesis revealed several heart phentoypes
About 500 balanced lines from mutagenized second or third chromosomes (Hummel et al., 1999a,b) were examined for mutations affecting the morphology of the embryonic heart. For the first round of screening, we used an anti-b3Tubulin antibody (Leiss et al., 1988) , which turned out to be a particularly useful marker, allowing the visualisation of heart cells and the majority of the mesodermal tissue simultaneously (Burchard et al., 1995; Rau et al., 2001; Schröter et al., 2004) . Therefore, not only the morphology of the dorsal vessel itself, but also the architecture of the heart in its tissue context is clearly visible. Within the dorsal vessel, b3Tubulin is expressed in four out of six cardioblasts per hemisegment, regulated by the transcription factor Tinman, which is active in the same subset of cardioblasts (Buttgereit et al., 1996; Damm et al., 1998; Kremser et al., 1999) . Subsequently, a second round of screening was performed with an antibody against Mef2, which visualises the nuclei of all six cardioblasts in a hemisegment (Lilly et al., 1994; Nguyen et al., 1994; Taylor et al., 1995) . Finally, we identified several mutants with malformations of the dorsal vessel (Fig. 1) . One group of mutants is characterized by the absence of the majority of cardioblasts or the heart at all (Fig. 1C) . These mutants exhibit additional defects in the somatic mesoderm, indicating that the mutated genes have a more general role during mesoderm or dorsal mesoderm differentiation. The second group of mutants shows a misarrangement of cardioblasts (Fig. 1D) . A closer microscopic inspection revealed that cardioblasts obviously fail to undergo cytokinesis upon embryonic mitosis 16. The third group of mutants is characterized by appearance of kinks, gaps or cardioblast alignment defects (Fig. 1E) . The fourth group (Fig. 1F ) exhibits phenotypes reminiscent to defects typically observed in asymmetric cell division mutants like, e.g. inscuteable (Popichenko and Paululat, 2004) . The analysis of these mutants will be described elsewhere, while the fifth group (see below, Fig. 1H-J) is described herein.
Eight mutant fly lines identified in our screen show a nearly identical phenotype, characterized by the appearance of an approximately twofold excess of cardiomyocytes ( Fig. 1G and H, Table 1 ). They fall into two complementation groups, representing three mastermind (mam) and five kuzbanian (kuz) alleles (see methods section for details of the genetics). Mam is a modulator of Notch signalling and crucial for mesodermal and neuronal differentiation (Petcherski and Kimble, 2000; Yedvobnick et al., 2004) , including cardiogenesis (Hartenstein et al., 1992) . In contrast, a functional role of Kuzbanian during cardiogenesis was not investigated so far, although the embryonic phenotype of kuzbanian mutant embryos was extensively analysed (Fambrough et al., 1996; Rooke et al., 1996; Pan and Rubin, 1997; Sotillos et al., 1997; Qi et al., 1999; Fig. 1 . A screen of EMS-induced embryonic lethals identifies mutations affecting heart development. The dorsal vessel is visualised using an antibody against b3Tubulin (A-F) or Mef2 (G-J). Wildtype embryos are shown in A, B and G for comparison. In embryos belonging to the first group of mutants, the heart is missing or only a few remaining cardioblasts can be detected (C). The second group reveals cytokinesis defects, characterised by cardioblasts that fail to separate during mitosis and to align properly (D). The third group shows a disorganized heart with gaps or cardioblast alignment defects (E). The fourth group displays asymmetric cell division phenotypes (F). We identified the EMS-mutant shown in F as being a sanpodo allele (own observation). The fifth group shows a strong excess of cardioblasts (H-J, compared to G). In wildtype embryos Mef2 labels all cardioblasts, six per hemisegment. In total, the embryonic heart of a wildtype embryos consists of 104 Mef2-positive cardioblasts (G). We identified three EMS-induced mastermind alleles in our screen, which roughly exhibit a twofold excess of cardioblasts (see Table 1 ). As an example, mam S2-29 is shown in (H). Similarily, the five kuzbanian alleles depicted in our screen display a similar phenotype (see Table1) . At late stages, the heart in kuzbanian embryos appears to be closed. As an example, kuz R1-4 (I) and kuz 3 (J) are shown. Pictures were made using the maximum projection algorithm using a stack of confocal pictures. Schimmelpfeng et al., 2001; Klein, 2002; Lieber et al., 2002) . To verify that mutations in the kuzbanian gene are responsible for the observed heart phenotype, we added two independently detected amorphic kuzbanian alleles, kuz 3 and kuz e29-4 , to our phenotypic analysis. Indeed, all alleles exhibit an approximate twofold increase in cardioblast number. The severity of the heart phenotype varies only slightly between each allele, indicating that all mutations are likely to be null mutations. As an entry point to elucidate the molecular nature of the EMSinduced mutations, we have sequenced the kuzbanian locus, which consists of 13 exons spanning a region of about 88 KB, from selected mutant chromosomes. The R1-4 allele indeed carries a mutation within the kuzbanian gene. The mutation in kuz R1-4 arises from a splice-donor-site mutation in the 4th intron (see Fig. 2A -D, the point mutation is five base pairs downstream of the 4th exon). This results in a failure to splice a 68 bp intron, which finally causes a truncation within the prodomain of Kuzbanian due to a frameshift (see Fig. 2E ). The predicted protein lacks any recognizable domains, and therefore we consider this allele to be a kuzbanian null allele. The characterization of the other EMS-induced kuzbanian alleles is in progress.
Loss of kuzbanian function results in an excess of cardioblasts in all subregions of the dorsal vessel
The embryonic dorsal vessel of Drosophila is composed of three morphologically distinguishable regions, the posterior 'heart' with a wider lumen and functional ostia, the posterior aorta with ostia precursor cells and the anterior aorta, which lacks ostia or ostia precursors. The 'heart' is separated by a valve-like structure from the aorta-region (Jensen, 1973; Rizki, 1978; Alvarez et al., 2003; Perrin et al., 2004) . Recent studies have shown that the specification of distinct heart regions along the anterior-posterior (a-p) axis depends on the activity of the homeobox factors Antennapedia (Antp), Ultrabithorax (Ubx), Abdominal-A (Abd-A), and Abdominal-B (Abd-B) (Lo et al., 2002; Lovato et al., 2002; Ponzielli et al., 2002) . Consequently, mutations were observed, which affect heart cell differentiation in specific regions, e.g. mutations in the transcription factor pointed-P2 result in cardioblast proliferation restricted to the posterior seven segments (Alvarez et al., 2003) . In contrast, kuzbanian mutant embryos display an excess of cardioblasts along the whole a-p axis of the dorsal vessel (see Fig. 1 ), although the phenotype is more prominent in the posterior segments. To examine whether the observed excess of cardioblasts is restricted to a specific subtype of heart cells, we used various markers to visualise individual cardioblast identities. Double-labellings for Seven-up/Mef2, Seven-up/ Tinman, and Ladybird/Tinman clearly show that all types of cardioblasts in an abdominal hemisegment are increased in number, although to different extend ( Fig. 3A-F , Table 1 , see also Section 3). Thus, the kuzbanian phenotype is not restricted to a particular subset of cardioblasts. Other parts of the dorsal mesoderm, for instance the dorsal somatic muscles, are obviously not affected in zygotic loss-of-function kuzbanian mutant embryos. Nevertheless, mesodermal expression of a dominant negative construct shows that Kuzbanian is crucial for the differentation of the somatic muscles (see below, Fig. 4 ). The time of lethality was examined for selected amorphic kuzbanian alleles (kuz F2-16 , kuz J2-11 , kuz P2-108 , kuz R1-4 , kuz S5-65 and kuz 3 ) utilising a GFP balancer chromosome. We found that homozygous kuzbanian embryos display muscle contraction but fail to hatch and die approximately 2 days after egg deposition. Likely, lethality is caused by the combination of various embryonic defects observed in kuzbanian mutant embryos, including neuronal and potentially heart defects.
Kuzbanian is required for pericardial cell and lymph gland development
Pericardial and lymph gland cells, like cardioblasts, arise from the dorsal mesoderm. Using antibodies against evenskipped (Frasch and Levine, 1987) , Odd-skipped (Ward and Skeath, 2000) , Zfh1 (Lai et al., 1993 ) and a hand-GFP reporter line (Kölsch and Paululat, 2002; Sellin et al., 2006) , that visualise all or a specific subset of pericardial cells, we observed a strongly reduced number of pericardial cells in the kuzbanian mutant background (Fig. 3G -L, Table 1 ). For example, the four Odd-skipped expressing pericardial cells visible in a wildtype hemisegment were sometimes completely missing in kuzbanian embryos (Fig. 3L ). Because two of the four Odd cells derive from asymmetric cell division whereas the other two cells originate from symmetric cell division, the absence of all four cells in a hemisegment indicates that Kuzbanian function is not restricted to one of these lineage types. Furthermore, we observe that the remaining pericardial cells in kuzbanian mutant embryos appear in an irregular fashion along the a-p axis of the heart. We do recognise specific regions where the pericardial cell pattern appears normal, neither with respect to the location nor to the number of pericardial cells. The even-skipped expressing pericardial cells (EPCs), which share a common lineage with a dorsal body wall muscle (Buff et al., 1998; Carmena et al., 1998 Carmena et al., , 2002 Su et al., 1999) are not affected in kuzbanian mutant embryos (Fig. 3M , Table 1 ), whereas a dominant negative form of Kuzbanian, driven by twist-Gal4 The sequence alteration in kuz R1-4 (A/G) was detected when DNA from homozygous mutants (upper panel), heterozygous (mid panel) and wildtype animals (lower panel) was sequenced. In heterozygous embryos, a double peak is visible. (C) As a further proof, we designed a RT-PCR experiment. The forward primer SW402 is located within exon 2; the reverse primer SW407 matches the intron-exon boundary of the fourth intron/fifth exon. Thus, the reverse primer SW407 binds solely to an mRNA that harbors the 4th intron. This primer combination avoids artificial amplification from genomic DNA due to the distance of the primer binding sites to the kuzbanian locus (O58 kb). As template for PCR, RNA isolated from heterozygous animals was used. We expected an amplicon of about 456 bp instead of 388 bp, resulting from correct splicing of intron 2 and 3, but presence of intron 4 in the mRNA. (D) An amplicon of about 450 bp was observed. The band was extracted from the gel, cloned and sequenced. We found that the 4th intron is present in the amplified cDNA. As shown in B, a single point mutation (A/G) is present in direct neighborhood to the intron-exon boundary within the intron. This result indicates, that the mutation in kuz R1-4 is a splice site mutation. (E) Schematic representation of the domain structure of Kuzbanian and the postulated alteration in kuz R1-4 . The presence of the forth intron causes a premature truncation due to a frame shift induced stop codon within the prodomain. The Kuz R1-4 protein lacks any recognizable domain and is thought to be a strong loss of function mutation. Abbr.: SP, signal peptide; Pro, prodomain; MP, metalloprotease domain; DI, disintegrin domain; Cys, cystein-rich domain; TM, transmembrane domain; Intra, intracellular domain. Fig. 3 . The dorsal vessel consists of different cell types, characterized by the specific expression of molecular markers. A-F shows confocal images of wildtype embryos (A, C and E) and kuzbanian mutant embryos (B, D and F). The alleles we used were kuz 3 (B, D, F, H), kuz R1-4 (J, L) and kuz S5-65 (N). The six cells in an abdominal hemisegment express Mef2; four out of six cardioblasts express tinman, two of which coexpress tinman and ladybird. The remaining two cardioblasts express svp-lacZ but not tinman or ladybird. svp-lacZ identifies the cardioblasts that form ostia or ostia precursors and which derive from asymmetric cell division (Ward and Skeath, 2000) . Compared to wildtype (A), the number of svp-lacZ expressing cells is increased approximately twofold in kuzbanian (B). Double labelling for svp-lacZ/Tinman and Ladybird/Tinman in wildtype (C and E) and kuzbanian mutant embryos (D and F) reveals that the tinman, ladybird and svp-lacZ expressing cardioblasts contribute all to the increased total number of cardioblasts in kuzbanian. The pericardial cells, some of which express tinman, are reduced in kuzbanian mutant embryos. Therefore, the tinman positive cells in kuzbanian embryos (D and F) represent predominantly cardioblasts. Double labelling with Mef2/hand-GFP (G and H), Mef2/Zfh1 (I and J) and b3Tub/Odd (K and L) reveals that the number of pericardial cells is reduced in kuzbanian mutant embryos (H, J, and L) compared to wildtype (G, I, and K). In addition, the number of lymph gland cells is reduced (arrow in I and J). The Even-skipped expressing pericardial cells (EPCs) are not affected in kuzbanian (compare M and N). All pictures were made using the maximum projection algorithm on a stack of confocal pictures.
(see Section 2.4 and Fig. 4) , causes a reduction of EPC cells. The number of EPCs is also strongly reduced in mastermind mutant embryos (see Table 1 ). The progenitors of the various subsets of pericardial cells are specified during different time windows. Double-staining for Eve and Odd has shown that Eve-mesodermal cells giving rise to the EPCs appear at stage 10, whereas the Odd-skipped expressing pericardial cell progenitors are not detectable until stage 12/2 (Ward and Skeath, 2000) . Therefore we assume, that in zygotic kuzbanian mutant embryos the maternal component is sufficient for proper differentiation of the EPCs, but not for the Odd-skipped pericardial cells. The EPCs constitute a subset of the Zfh1 positive pericardial cells, of whichbeside the EPCs-only a small number is still present in kuzbanian mutant embryos. Our results indicate that Kuzbanian is required for the coordinated specification of pericardial cells. In addition, we observe defects in lymph gland differentiation. The lymph glands, which are a source for larval hemocytes, appear as two bilateral located cell cluster flanking the anterior part of the dorsal vessel at stage 16 embryos (Mandal et al., 2004; Jung et al., 2005) . Each cluster harbors about 20 cells that express, e.g. Odd-skipped and Zfh-1, two markers we have already used to determine the consequences of mutations in the kuzbanian gene on pericardial cell development (see above). We found a reduced number of lymph gland cells in kuzbanian mutant embryos (e.g. Fig. 3J , compared to 3I).
2.4. The excess of cardioblasts in kuzbanian mutant embryos is caused by a requirement of Kuzbanian prior to heart cell specification
As an entry point to elucidate the time of Kuzbanian requirement during heart development, we expressed a dominant negative kuzbanian variant (KuzDN) in the mesoderm at different time points of embryonic development. The transgene KuzDN lacks the extracellular metalloprotease domain and was successfully used to mimic kuzbanian phenotypes, e.g. in bristle development, eye development (Pan and Rubin, 1997) , and the embryonic nervous system (Schimmelpfeng et al., 2001) . Utilising the UAS-Gal4 system we choose twist-Gal4, tinman-Gal4 (tinCD4-Gal4) and handGal4 as drivers. twist-Gal4 allows the activation of UASKuzDN in the entire early mesoderm, covering the time when heart progenitors are selected within the dorsal mesoderm by lateral inhibition. tinCD4-Gal4 drives expression in differentiating cardioblasts from embryonic stage 11 to 12 onwards, but lacks the early tinman expression domain (Lo and Frasch, 2001; Perrin et al., 2004) . As a third driver we used hand-Gal4. The bHLH factor Hand is expressed from stage 12 onwards in all heart cells (cardioblasts and pericardial cells) after the selection of heart progenitors (Moore et al., 2000; Kölsch and Paululat, 2002; Han and Olson, 2005; Sellin et al., 2006) . Thus, hand-Gal4 provides the Gal4 activator later then twi-Gal4 and tin-Gal4. The dominant negative Kuzbanian transgene . KuzDN, when driven with twi-Gal4, causes severe defects in the somatic mesoderm as well (B and C). In contrast to the zygotic kuzbanian mutant embryos, which show a normal number of Eve-expressing pericardial cells (see Fig. 3M,N) , the twiOKuzDN embryos exhibit only a few Eve-expressing cells (arrow in C), likely due to the early inhibition of the maternal Kuzbanian function. Furthermore, panmesodermal expression of KuzDN causes patterning defects in the somatic mesoderm. (D-I) show embryos stained for b3Tubulin to visualise somatic muscles. For comparision wildtype embryos are shown in lateral (D) or dorsal view (G). Whereas homozygous kuzbanian mutant embryos (kuz in E, lateral view, kuz R1-4 in H, dorsal view) exhibit a fairly normal muscle pattern, embryos in which KuzDN is driven in the mesoderm by twist-Gal4 display severe muscle malformation defects, indicating that Kuzbanian plays a role in muscle formation.
(KuzDN) phenocopies the loss of function phenotype, but only when driven by twi-Gal4 (Fig. 4, Table 1 ). The number of cardioblasts is increased approximately twofold, as seen in all loss of function alleles. The number of pericardial cells appears to be reduced. Furthermore, we observe strong muscle patterning defects (Fig. 4) , indicating that Kuzbanian is important for the development of the somatic mesoderm. We assume that the panmesodermal expression of KuzDN inhibits the maternally contributed wildtype Kuzbanian protein in this tissue, causing a severe muscle phenotype not visible in the zygotic mutants. KuzDN expression, driven by tin-Gal4 and hand-Gal4 does not cause a significant excess of cardioblasts. As mentioned above, both drivers are active predominantly after the selection of the cardiac primordial cells.
Terminal heart cell differentiation is affected in kuzbanian mutants
Heart formation during embryogenesis requires the migration of heart precursors towards a dorsal position. From stage 15 to 17, cardiac precursors become flattened, polarized cells that align in a highly organized longitudinal row (Rugendorff et al., 1994; Fremion et al., 1999) . At dorsal closure, the leading edges of the cardioblasts meet their contralateral counterparts. Finally, the lumen is formed when the trailing edges of the cardioblasts of either side bend around and contact each other (Rugendorff et al., 1994) . In kuzbanian mutant embryos, the migration of heart precursors towards the dorsalmost position is not affected, whereas the final alignment of heart precursors and cardioblasts is considerably disturbed. All analysed mutant alleles finish dorsal closure and cardiac cells appear as a three to six cell wide band, extending from anterior to posterior, indicating that the contralateral counterparts of the developing heart contact each other. a-Spectrin staining (Zarnescu and Thomas, 1999) allows to distinguish between the ostia-forming cardioblasts that exhibit a characteristic double-bean like morphology at late embryonic stages and the tinman-expressing cardioblasts that show a cube-like, polarized appearance at stage 16 (Fig. 5A) . In kuzbanian mutant embryos, cardioblasts fail to adopt the final cell morphology. For example, the characteristic bean-like shape of cardioblasts, that normally form the ostia at stage 16/17, is not recognizable (compare Fig. 5A,B) . Also, the four tinmanexpressing cardioblasts, which usually have a flattened, cubelike morphology with a distinct polarisation, exhibit an abnormal morphology (Fig. 5A,B) . In kuzbanian mutant embryos the majority of cardioblasts show a triangle or parallelogram-like shape; the characteristic cube-like appearance, as seen in stage 16/17 wildtype embryos, is aberrant. In the posterior region of the heart, Wingless (Wg) is expressed specifically in three double pairs of cardioblasts (Wg, see Fig. 5C,D) . These cells coexpress Seven-up and differentiate into ostia (Molina and Cripps, 2001; Lo et al., 2002) . In kuzbanian mutant embryos, we observe an increased number of Wg-positive cardioblasts that fail to form the typically double pairs and exhibit an abnormal morphology, indicating that final cell differentiation is abolished (Fig. 5D) . At stages before the contralateral cardioblasts meet each other at the dorsal midline, we observe in kuzbanian mutants embryos occasionally regions, in which short stretches of pair-wise organised cardioblasts are prominent (Fig. 5F ). The arrangement of the pair-wise organized cardioblasts at stage 14 or 15 resembles the highly organised dorsal vessel of wildtype embryos at stage 16/ 17 (Fig. 5E) . We assume that cardiac cell differentiation is initiated in kuzbanian mutant embryos, as cardioblasts on both sides of the embryo attempt to align along the a-p axis to form a two cell wide row of cardioblasts.
Rugendorff and colleagues have shown that heart lumen formation is a late step during cardiogenesis, requiring the contact of the contralateral located cardioblasts when they meet each other at the midline (Rugendorff et al., 1994) . Therefore, we have analysed whether lumen formation is abolished in the heart of kuzbanian mutants. Light and transmission electron microscopic analysis of sectioned embryos revealed that the cardioblasts in kuzbanian mutants occasionally attempt to form a lumen-like structure ( Fig. 5G-I ), when cardioblasts align correctly along the a-p axis and establish a pair-wise organisation in restricted small areas. The lumina, shown in Fig. 5H , appear to be formed by ipsilateral cardioblasts instead of contralateral cardioblasts, consistent with the observation of bilateral located two cell rows of cardioblasts at stage 14/15 mentioned above. Our results indicate that heart lumen formation does not require the correct position of two bilateral located one cell wide rows of cardioblasts at the dorsal midline rather than any two adjacent rows of specified cardioblasts that can communicate directly.
The larval heart in Drosophila lacks neuronal innervation, suggesting that heart beating is totally myogenic (Dulcis and Levine, 2003) . This particular aspect of heart function should be not influenced by the neuronal defects occurring in kuzbanian embryos, but being dependent on cell autonomous mechanisms. Therefore we have analysed, whether the kuzbanian heart is able to beat, using a GFP-reporter gene, specifically driven in the whole heart by an enhancer element cloned from the bHLH transcription factor gene hand (Sellin et al., 2006) . In wildtype embryos, heart beating can be observed at late stage 17 embryos shortly before hatching. However, heart beating is observed in homozygous kuzbanian embryos, although beating is irregular, probably due to the misarrangement of cardioblasts. Nevertheless, the result indicates that cells bearing pacemaker activity are specified and active.
Discussion
Kuzbanian, and its vertebrate homologue ADAM10, belong to the large family of membrane anchored glycoproteins that show a characteristic conserved domain structure: an aminoterminal signal sequence followed by pro-, metalloprotease, and disintegrin domains, a cysteine-rich domain, usually containing an EGF repeat, and finally a transmembrane domain and cytoplasmic tail (see Fig. 2E , reviewed in, e.g. Becherer and Blobel, 2003) . The complex protein structure suggests a widespread function of this class of molecules. Indeed, ADAMs act in many biological processes, including . Embryos in A and B are stained for a-Spectrin, which visualises cell polarity and cell morphology. In wildtype, the ostia-forming cardioblasts are visible by their characteristic shape (arrow in A). kuzbanian embryos at a similar stage of development complete dorsal closure (B). Cardioblasts from contralaterally located cardiac tissue on both sides of the embryo meet each other at the dorsal midline and form a broad compact band of cardioblasts. We do not observe cells that adopt the typical morphology of the ostia-forming cardioblasts (arrow in A), indicating that final cell differentiation seems to be blocked, although the typical markers for ostia-forming cardioblasts are expressed (compare with Fig. 3 ). Embryos in (C) and (D) are stained for Wingless and a-Spectrin. Wingless is expressed in three double pairs of ostia-forming cells within the heart proper and labels the surface of the cells. In kuzbanian mutant embryos (D), cell number and cell morphology is aberrant, compared to wildtype (C). Note that one cluster of Wg-expressing cells is out of focus in (D). Embryos in (E) and (F) are stained for b3tubulin. (F) shows a kuzbanian embryo slightly before dorsal closure. Occasionally, properly aligned and pair-wise orientated assemblies of cardioblasts appear on both sides of the embryo (arrow in F). This situation resembles the appearance of the final heart at late stage wildtype embryos (E). (G) and (H) show cross-sections through an abdominal segment (A5 or A6, respectively), of a wildtype (G) or a kuz F2-16 (H) embryo. Prior to section, embryos were stained for b3tubulin (brown color) and selected under a dissecting microscope. Sections were counterstained with eosin (red). The cardioblasts are neurogenesis, myogenesis, angiogenesis, fertilisation and others (reviewed in, e.g. Blobel, 2000; Primakoff and Myles, 2000) , and they are involved in the shedding of various membrane bound proteins, including growth factors and cell adhesion molecules (examples are given in White et al., 2001; Moss and Lambert, 2002; Seals and Courtneidge, 2003; White, 2003; Blobel, 2005; Reiß et al., 2005) . For the majority of ADAMs, the substrates are not known and due to the widespread functions many aspects of their biological role are poorly understood.
ADAMs are crucial for cardiogenesis
Studies on the function of ADAMs in vertebrates indicate that some of the members of the gene family are involved in cardiac development. Mice, lacking functional ADAM19, exhibit severe defects in cardiac morphogenesis, e.g. ventral septal defects, abnormal formation of the aortic and pulmonic valves and abnormalities of the cardiac vasculature . Recently, it was shown that TACE (ADAM17) is essential for cardiac valvulogenesis in mice, likely by its sheddase function on EGFR (Jackson et al., 2003) . Interestingly, mice lacking a functional TACE die at birth with an enlarged fetal heart with increased myocardial trabeculation and reduced cell compaction, mimicking the pathological changes of noncompaction of ventricular myocardium. In addition, larger cardiomyocyte cell size and increased cell proliferation were reported in ventricles of the TACE knockout mouse hearts . Cardiac restricted overexpression of a non-cleavable, transmembrane TNF/tumor necrosis factor, a major substrate of TACE, in mice provokes a hypertrophic cardiac phenotype (Dibbs et al., 2003) .
Although it is clear that some mammalian ADAMs are crucial for heart development (Horiuchi et al., 2005) , a role for ADAM metalloproteases during Drosophila heart formation was not reported so far. Here, we have provided multiple lines of evidence that the metalloprotease Kuzbanian/ADAM10 is crucial for cardiogenesis in flies. Screening a collection of mutagenized Drosophila lines for displaying heart phenotypes and the subsequent analysis of selected alleles revealed that mutations in the kuzbanian genes cause a hyperplasic heart.
A potential role for Kuzbanian in heart cell specification
One of the best-studied Kuzbanian functions on the molecular level is the activation of the Notch receptor. The Notch receptor is processed throughout three proteolytic steps, likely two in Drosophila . First, mediated by a furin-like convertase, Notch is cleaved in its extracellular domain. The two halves of the Notch molecules form an intramolecular heterodimer. Interaction with a ligand induces the second cleavage event mediated by a disintegrin metalloprotease (ADAM17/TACE in vertebrates, Kuzbanian/ ADAM10 in Drosophila), generating a Notch extracellular truncation. Finally, Notch is processed by a y-secretase complex to release an active intracellular Notch fragment that translocates to the nucleus (reviewed, e.g. in Lai, 2002) . Genetic and molecular experiments have shown that Notch is a major substrate of Kuzbanian in Drosophila (Rooke et al., 1996; Pan and Rubin, 1997; Sotillos et al., 1997; Kidd and Lieber, 2002; Klein, 2002; Lieber et al., 2002) , but likely not the only one (Qi et al., 1999; Mishra-Gorur et al., 2002; Yan et al., 2002) .
Loss of Kuzbanian function and subsequently abrogation of Notch signalling explains the heart phenotype of kuzbanian mutant embryos. Notch activity was found between 6 and 10 h of development in the dorsal mesoderm, from which the cardioblasts, the pericardial cells, and the lymph glands arise. During this time, Notch-dependant lateral inhibition is responsible for selecting cardiac precursors within the dorsal mesoderm. Hartenstein and colleagues have shown that elimination of Notch during the first half of this period, using a temperature-sensitive Notch mutant, results in substantially more cardioblasts, pericardial cells and lymph gland progenitors. Reducing Notch function between 8 and 10 h causes an excess of cardioblasts and a concomitant loss of pericardial cells, reflecting a crucial function of Notch for cell fate specification (Hartenstein et al., 1992; Mandal et al., 2004) . In embryos carrying a deficiency for Notch (Df(1)N 81K1 ), the number of heart cells is strongly increased, pericardial cells are missing, and cardioblasts fail to assemble into a regular tube (Hartenstein et al., 1992) , reflecting a combined effect on cell number and cell fate (Mandal et al., 2004) . Park and coworkers investigated the role of Notch for a particular subset of pericardial cells, the EPCs. Mutants lacking the maternal and zygotic Notch revealed initially enlarged clusters of EPC progenitors (late stage 11), while EPCs fail to form later on (Park et al., 1998) . This finding is consistent with our observation, where panmesodermal driven KuzDN causes a loss of Even-skipped expressing pericardial cells at later stages, a phenotype, which we also found in embryos mutant for mastermind, a downstream effector of Notch signalling (see Section 2). Hypertrophy of cardioblasts was also reported by Tian et al., who used N ts-1 /Df(1)N 81K1 embryos (Tian et al., 2004) , but in this case the number of pericardial cells (Zfh1-expressing cells) was reported as being normal. These studies have shown that Notch is required in the dorsal mesoderm (stage 11 to 12) to regulate the initial commitment of cells to the cardioblasts and pericardial cell fate, but also to regulate the choice between the cardioblast and pericardial fate. In addition, Han and coworkers propose a biphasic recruitment of Notch signalling in heart development (Han and Bodmer, 2003) . First, Notch is needed during lateral inhibition for selecting heart precursors in a field of equally competent cells within the clearly visible (arrows in G and H). In kuzbanian embryos (H) lumen-like structures appear (marked as 'lu' in G and H), indicating, that cardioblasts in kuzbanian are able to bend, to adopt a bean-like morphology and to form lumen-like structures. (I) shows a TEM micrograph of a transverse section of a kuz 3 mutant embryo at about 50% egg length. The inset shows a wildtype embryo. Cardioblast-like cells (cb) are increased in number and form an irregular cluster. The formation of a lumen-like structure (lu) is indicated. Cb, cardioblast; pc, pericardial cell; lu, lumen. dorsal mesoderm, which essentially covers the function of Notch described above. Second, Notch is involved in asymmetric cell division giving rise to specific heart progenitors. The second requirement of Notch is restricted to those heart cells that arise from asymmetric cell division (Ward and Skeath, 2000; Alvarez et al., 2003; Han and Bodmer, 2003) , in conjunction with additional components of the asymmetric cell division machinery, including Sanpodo, Numb and Inscuteable (Park et al., 1998; Su et al., 1999; Ward and Skeath, 2000; Alvarez et al., 2003; Han and Bodmer, 2003; Popichenko and Paululat, 2004) .
Previous reports have shown that the Notch receptor is a main substrate of Kuzbanian (Rooke et al., 1996; Pan and Rubin, 1997; Sotillos et al., 1997; Lieber et al., 2002) . Proteolytic cleavage of the membrane anchored Notch receptor is interrupted in the absence of Kuzbanian, which finally results in inactivation of Notch signalling (Pan and Rubin, 1997; Lieber et al., 2002) . Thus, the observed heart phenotype of the identified EMS-induced kuzbanian alleles is caused by interruption of Notch signalling in the cardiac primordium, respectively. Therefore, a similar phenotype of kuzbanian, mastermind and Notch mutant embryos is expected. Indeed, the five kuzbanian and the three mastermind EMS alleles identified in our screen for heart mutants as well as the previously described kuzbanian alleles kuz 3 and kuz 29-4 exhibit cardiac malformations resembling particular aspects of cardiac defects described for Notch mutants. The phenotypes are not completely identical, which can be explained by the maternal product that masks most of the very early recruitments of Kuzbanian. Indeed, Rooke and colleagues have shown that embryos lacking any maternally derived Kuzbanian product and contain no zygotic copies of kuzbanian have a early neurogenic phenotype, which is even more severe than strong Notch phenotypes (Rooke et al., 1996) . Therefore, we assume that the zygotic kuzbanian mutants reflect a later requirement of Kuzbanian, manifested in the cardiac mesoderm when the maternal product is diminished in this tissue. The cardiac mesoderm develops as cardioblasts to the expense of pericardial cells (and lymph gland cells) in kuzbanian mutant embryos. We postulate that Kuzbanian plays a dual role during cardiogenesis, first for the selection of cardiac progenitors during Notch dependent lateral inhibition and second for cell fate specification during Notch dependent asymmetric cell division. This explains the strong excess of all subtypes of heart cells and the significant loss of pericardial cells. The excess of cardioblasts firstly arises, because in the absence of Notch dependent lateral inhibition too many progenitors are selected within the dorsal mesoderm. This phenotype is further enhanced in later development when remaining pericardial cells (those that arise from the asymmetric lineage) are transformed into cardioblasts as a consequence of an abrogated Notch dependent asymmetric cell division. This explains why the hyperplasia of the heart is more prominent in segments A2-A8 than in T3 to A1, because the anterior cardioblasts arise from symmetric cell divisions only (Ward and Skeath, 2000; Alvarez et al., 2003; Han and Bodmer, 2003) . If conversion of the pericardial cell fate into the cardioblast cell fate takes place, it occurs in the posterior heart lineage, resulting in a stronger hyperplasia in this heart region as seen in kuzbanian mutant embryos.
Our model predicts that Kuzbanian is essential for heart development by effecting Notch signalling, which is further supported by the fact, that we retrieved another key component of Notch signalling from our screen, based on a nearly identical phenotype. We found three alleles of the mastermind gene, which encodes a downstream effector of the Notch signalling pathway. Mastermind was previously isolated in various screens as a modifier of Notch signalling and acts on the molecular level via a direct interaction to the ankyrin repeats of the intracellular form of Notch (Wu et al., 2000; Giraldez et al., 2002; Hall et al., 2004) . As in kuzbanian, we observe in mastermind mutant alleles a strong excess of cardioblasts and a reduced number of pericardial cells (Table 1 , see also Hartenstein et al., 1992) .
Interestingly, mutations in another component of Notch signalling pathway reveals a slightly different phenotype. liquid facets, which encodes a Drosophila Epsin orthologue, is reported to be responsible for endocytosis and trafficking of the Notch ligand Delta in the signalling cell. Liquid facets homozygous embryos reveal a hyperplasic heart, but a normal number of pericardial cells. The excess of cardioblasts in liquid facets arises due to a preferential expansion of the tinman expressing subtype of cardioblasts (which arise from symmetric cell division), whereas the number of seven-up expressing cardioblasts (which arise from asymmetric cell division) is normal. Moreover, the additional cardioblasts presumably develop at the expense of fusion competent myoblasts from the dorsal mesoderm (Tian et al., 2004) . In contrast, kuzbanian mutant embryos show an increased number of seven-up expressing cardioblast, although the overall excess of cardioblasts is, similar to the findings in liquid facets mutants, preferentially due to the expansion of the tinman expressing cardioblasts (see Table1, Fig. 3 ). One explanation is that Kuzbanian is required for the selection of both cardioblast cell types, whereas Liquid facets is not. Additionally, the maternal contribution of Kuzbanian present in kuzbanian mutant embryos might be sufficient for the selection of the correct number of the Seven-up (Svp) progenitors, but not for the symmetrically derived Tinman cardioblast progenitors. Shortly later, absence of Kuzbanian then affects the Notch dependent asymmetric cell division in the Seven-up lineage, resulting in a moderately increased number of Seven-up cardioblasts. This hypothesis is confirmed by our observation of a maximum of four Svp cells per hemisegment in the kuzbanian mutant background (Figs. 3B,D and 5D ), fully explainable by an effect on asymmetric cell division in this cell lineage (Park et al., 1998; Ward and Skeath, 2000; Alvarez et al., 2003; Han and Bodmer, 2003; Popichenko and Paululat, 2004) . It should also be mentioned that Liquid facets is reported to be critical for endocytosis and trafficking of Delta in the signalling cells, whereas Kuzbanian is crucial not only for proteolytic processing of Notch, but presumably also for processing Delta as well. As for kuzbanian, maternal contribution of liquid facets likely masks some requirements of this molecule and hampers a direct comparison of the zygotic phenotypes (Tian et al., 2004) .
Heart morphogenesis in kuzbanian
Morphogenesis of cardiac cells is not very well understood so far. After specification, cardioblasts align bilaterally along the a-p axis and migrate together with the overlaying ectoderm towards the dorsal midline. During this process, all cardioblasts become flattened, polarised cells (Rugendorff et al., 1994; Chartier et al., 2002) . Rugendorff and colleagues found that the heart lumen is formed when the trailing edges of the cardioblasts of either side bend around and contact each other at the dorsalmost position (Rugendorff et al., 1994) . Recently, a growing number of genes controlling morphogenesis of cardioblasts was identified. Among these, cell adhesion molecules play a pivotal role during the alignment of cardioblasts (faint sausage), adhesion of opposing cardioblasts and lumen formation (E-cadherin), and maintenance of the normal heart morphology at late embryonic stages (laminin A) (Haag et al., 1999) . For the alignment and migration of cardioblasts towards the dorsal midline, the Toll receptor act as a critical cell adhesion component (Wang et al., 2005) . The Drosophila type IV collagen-like protein Pericardin is a crucial factor for the alignment of cardioblasts and the formation of an organised heart epithelium . The polarity of cardioblasts is a prerequisite to form the organised heart tube. Recently, it was shown that the T-box transcription factor neuromancer (Nmr1/H15 and Nmr2/Midline) is required for establishing the polarity of heart cells, most likely by regulating genes that are responsible for the transition of an unpolarised cardioblast progenitor into a flattened polarised cardioblast (Miskolczi-McCallum et al., 2005; Qian et al., 2005a; . A number of studies have shown that Kuzbanian/ADAM10 plays a role in cell-cell communication and cell adhesion. For example, ADAM10 binds Ephrin2A, a protein with a role in neuronal repulsion (Hattori et al., 2000) , is necessary for shedding EGFR ligands and is involved in cleavage of N-cadherin and regulation of cellcell adhesion (Reiß et al., 2005) . In Drosophila, Kuzbanian mediates the transactivation of EGF receptor as shown by in vivo studies (Yan et al., 2002) . Recently, Wang and coworkers found that Kuzbanian is also important for border cell migration in the Drosophila ovary (Wang et al., 2006) .
We found that in kuzbanian mutant embryos initial heart cell differentiation takes place. This includes the specification of different subtypes of heart cell, as shown by the use of specific molecular markers, the alignment of cardioblasts on both sides of the heart primordium and the initiation of heart beating. In late embryos (stage 16/17), we observe an abnormal morphology of cardioblasts, an uncoordinated arrangement of ostia-forming cardioblasts and, instead of a single heart lumen, additional lumen-like structures. These findings point to the possibility that Kuzbanian might have a function for final heart cell morphogenesis, e.g. by processing substrates other then Notch. Schimmelpfeng and collegues provided evidences that Kuzbanian is involved in the repulsive guidance system in the CNS and interacts genetically with Slit (Schimmelpfeng et al., 2001) . Interestingly, the Slit/Robo signalling pathway plays a pivotal role in polarity and morphogenesis control of cardioblasts as well (Qian et al., 2005b) , pointing to the possibility that one of these molecules might be a substrate for Kuzbanian. This would explain the heart cell morphogenesis phenotypes seen in kuzbanian mutant embryos. In embryos that express a dominant negative Kuzbanian form driven late in the heart cardioblast morphogenesis is not significantly affected. This indicates that the drivers we used so far are inappropriate to separate different functions of Kuzbanian. Furthermore, we cannot exclude that the induction of morphogenetic processes requires the Kuzbanian-dependant Notch signalling pathway quite early. This would hamper significantly the separation of Kuzbanian functions using various driver lines and the dominant negative Kuzbanian form. Nevertheless, it remains to be clarified if the described effects on heart cell morphology are primarily due to the absence of Kuzbanian function or occur as a secondary consequence of hyperplasia.
In this paper, we have shown that Kuzbanian (ADAM10) plays an essential role in heart development. Members of the ADAM gene family in vertebrates are also known to be critical for cardiogenesis. Interestingly, mice lacking ADAM17 exhibit a cardioblast proliferation phenotype as well, besides other defects, indicating a conserved function of ADAM proteins in heart development. Here, we discuss a model for Kuzbanian function in Notch signalling, which can fully explain the observed phenotype in mutant embryos. We assume that Kuzbanian might have additional functions, e.g. as a sheddase on unknown substrates in the cardiac mesoderm, which has to be proven in future studies.
Experimental procedures
Drosophila strains
Oregon R was the wild type used. kuz 3 , kuz e29-4 , kuz 1403 , UAS-KuzDN, Df(2R)CX1, Df(2R)BSC18, mam 8 , 24B-Gal4 and CyO-ActGFP were obtained from Bloomington Stock Center. svp-lacZ is an enhancer trap insert in the seven-up gene (Mlodzik et al., 1990) . hand-GFP is a reporter line made in our laboratory (Sellin et al., 2006) . The collection of EMS-induced mutant alleles was generated in the laboratory of Christian Klämbt, Münster, Germany (Hummel et al., 1999a,b) . Gene misexpression was achieved with the UASGal4 system using the following driver lines: twi-Gal4 (from Michelson), tincD4-Gal4 (from Frasch) and hand-Gal4 (our laboratory).
Immunocytochemistry of whole-mount embryos
Processing and immunostaining of whole-mount embryos for b-galactosidase was done following standard protocols, using the Vectastain Elite ABC Kit (Vector). A monoclonal anti-b-galactosidase primary antibody (Promega-Z378A) was used at a 1:2000 dilution. As primary antibodies we used antib3Tubulin at 1:1500 (Leiss et al., 1988) , anti-Mef2 at 1:500 (Bour et al., 1995) , anti-Eve at 1:3000 (Frasch and Levine, 1987) , anti-Tin at 1: 500 (Bodmer, 1993) , anti-Zfh1 at 1:1500 (Lai et al., 1991) , anti-Odd at 1:500 (Ward and Coulter, 2000) , anti-Mab3 at 1:5 (Yarnitzky and Volk, 1995) and anti-Lbe at 1:30 (Jagla et al., 1997) . Mouse anti a-Spectrin (1:5) and mouse anti-Wg (1:4, TSA amplification kit) was from Hybridoma Bank, University of Iowa. Rabbit anti-GFP and mouse anti-GFP was obtained from Abcam (ab6556) and Invitrogen. All secondary antibodies were used at 1:200 (Dianova).
Complementation tests
We identified eight EMS-induced embryonic lethals exhibiting a cardiac hypertrophy phenotype. They fall into two complementation groups, which were further characterized. The first group includes the three EMS-alleles J1-202, J2-202 and S2-29. A systematic complementation analysis with S2-29 and deficiencies for the second chromosome reveals, that S2-29 fails to complement the deficiencies Df(2R)CX1 with breakpoints at 49C1-4 and 50C23-D1 and Df(2R)BSC18 with breakpoints at 50D1 and 50D2-7. Both deficiencies remove the mastermind gene. We found that S2-29 is allelic to a characterized mam allele (mam 8 ); therefore we concluded that the newly identified heart mutants J1-202, J2-202 and S2-29 belong to the same complementation group and represent new mam alleles. The second complementation group includes the five EMS-alleles F2-16, J2-11, P2-108, R1-4 and S5-65. These EMS-mutant lines were identified as being kuzbanian-alleles (Schimmelpfeng et al., 2001) . As expected, a complementation analysis of the five EMS alleles and two kuzbanian alleles generated independently, kuz 3 and kuz 29-4 (Rooke et al., 1996) , showed, that all lines are allelic to each other.
Identification of kuzbanian mutants
kuzbanian (kuz) mutants were identified by sequence analysis. Genomic DNA from heterozygous and/or selected homozygous flies was prepared, and sequence analysis was carried out. Point mutations in the kuzbanian gene were identified from double peaks in the sequencing trace, and this was subsequently confirmed by cloning into the TOPO vector (Invitrogen) followed by further sequence analysis. These sequences showed single peaks in the sequencing trace, corresponding to either mutant or wild-type DNA. We detect a single point mutation at a splice-donor-site in the 4th intron in the R1-4 allele. To further proof the existence of this mutation, we amplified a cDNA from R1-4 RNA that contains the expected unspliced 68 bp intron. The amplicon was cloned and sequenced and a point mutation was detected at the predicted position.
Histological analysis of kuzbanian mutant embryos
Embryos were stained with anti-b3Tubulin antibody (made in rabbits) at 1:1000 and kept in PBS buffer. Stage 16 to 17 kuzbanian mutant and wildtype embryos were individually selected under a dissecting microscope. The embryos were transferred into an Eppendorf cup and PBS was stepwise replaced by liquid 0.8% agarose at 50 8C (agarose in PBS). After cooling down to room temperature and hardening, the agarose pieces were dehydrated through a graded series of ethanol (each incubation took 15 min) into 100% ethanol, repeating the last step three times. Afterwards the agarose pieces were washed two times with Technovit 8100 (Kulzer, Germany). Finally, the embryos were incubated overnight in Technovit 8100.The agarose pieces were trimmed and used for embedding in Technovit 8100, following the manufacture's protocol with a few modifications. Sections of 4 mm each were performed on a crank microtome (Leitz, Wetzlar, Germany) and collected on microscopic slides coated with poly-L-lysin (Sigma, Germany). After drying overnight at 37 8C, sections were counterstained with 1% eosin in aqua dest. (Romeis, 1968) and mounted in DPX (Fluka, Germany).
Electron microscopy
Embryos were dechorionated, fixed in 12.5% glutaraldehyde in PBS and heptane for 20 min, then placed on double-side tape and devitellinised by hand. Embryos were further prepared for transmission electron microscopy as described (Hartenstein, 1988; Rugendorff et al., 1994) . The allele we used was kuz 3 .
